ABSTRACT: The mechanism of reducing light scattering in isotactic polypropylene (i-PP), through the addition of so-called clarifying agents, is studied with small-angle light scattering (SALS) and scanning electron microscopy (SEM). The clarifying agents used in this study depict monotectic phase behavior with i-PP, crystallizing in a relatively narrow concentration range in a nanofibrillar network, providing an ultrahigh nucleation density in the i-PP melt. It is found that the clarifying effect, a dramatically increased transparency and reduced haze, that occurs within the aforementioned additive concentration range, coincides with a change in morphology from strongly scattering spherulites to shish-kebab-like crystalline structures, as evidenced by in situ SALS measurements and confirmed by SEM images. A simple scaling law, relating the diameter of the shish-kebab structures to the fibril diameter and volume fraction of the clarifying agent is proposed, suggesting that the performance of a (fibril-forming) clarifying agent will improve by reducing the fibril diameter and/or increasing the volume concentration of the clarifying agent.
INTRODUCTION Additives are increasingly used to introduce various favorable properties upon commodity polymers, turning them into valuable high-performance materials. 1 For example, small amounts of so-called clarifying agents transform normally opaque or translucent isotactic polypropylene (i-PP) into a transparent material, therewith opening up a range of new applications, especially in the packaging industry. Due to their great utility, significant research efforts have been, and still are, devoted to developing new, more efficient and more versatile clarifying agents. [2] [3] [4] [5] [6] Clarifying agents typically consist of small molecules that exhibit monotectic phase behavior with the polymer matrix, [7] [8] [9] dissolving at elevated temperatures in the polymer melt and crystallizing into nanofibrils or a nanofibrillar network upon quenching, thus providing a very large surface area for the polymer matrix to nucleate upon. In this way, it has been argued that clarifying agents drastically increase the nucleation density, thereby reducing the size of the spherulites that are responsible for the scattering of light, resulting in a more transparent material. This traditional view was confirmed in recent studies, where it was found that optical transparency indeed correlates with nucleation density rather than nucleating efficiency. 10, 11 However, the precise morphological requirements for clarification are still a matter of debate, and relatively few studies have been directed to resolve the detailed microscopic structure of clarified semi-crystalline polymers. Vaughan and Hosier 12 used scanning electron microscopy (SEM) and differential scanning calorimetry (DSC) to evaluate the effect of a commercial clarifying agent, (1,3:2,4) dibenzylidene sorbitol (DBS), on the morphology and crystallization kinetics of blends of linear and branched polyethylene. It was found that DBS greatly enhances nucleation in polyethylene and that, following phase separation at high crystallization temperatures, the rejected low molar mass polyethylene decorated the DBS network to form shish-kebab-like structures. Nogales and Mitchell also observed shish-kebab structures upon shearing a propylene/ethylene copolymer containing DBS. [13] [14] [15] Lipp et al. 16 used transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS) to determine the kinetics of nanofibril formation of 1,3:2,4-di(3,4-dimethylbenzylidene) sorbitol (DMDBS) in an i-PP matrix. Schmidt et al. 17 used 13 C DQ solid-state NMR spectroscopy to probe the columnar structure of self-assembled 1,3,5-benzenetrisamides, a new clarifying agent, in isotactic polypropylene. Andreassen et al. 18 analyzed the effect of clarifying agents on the haze of polyethylene using atomic force microscopy (AFM) and identified row-nucleated structures in samples with reduced haze.
An important experimental tool to study the interaction of light with matter is small-angle light scattering (SALS), which has often been used to explore and model polymer morphology, especially in early stages of crystallization. [19] [20] [21] [22] [23] [24] [25] [26] As optical transparency and perceived clarity of semi-crystalline polymers are determined by the angular dependence of the scattered light, SALS seems also an ideal technique to study clarification of polymers. This notwithstanding, SALS has only been used sparsely in connection with clarifying agents. [27] [28] [29] [30] Johnsen and Spilgies 27 used small-angle light scattering (SALS) to examine the morphology of i-PP nucleated with aluminum hydroxy bis(4-tert-butyl) benzoate, and observed a transition from a spherulitic to a supramolecular structure consisting of cross-hatched quadrites. Garg et al. employed SALS to study the clarification of i-PP with DBS to find that the orientation of the crystals relative to the spherulite radius decreased and that the nucleating agent agglomerated with increasing concentration in the polymer. 28, 29 Kobayashi and Hashimoto 30 conducted SALS on i-PP clarified with 1,3:2,4-bis-O-(p-methylbenzylidene)-D-sorbitol (PDTS) and observed scattering patterns that were indicative of rod-like scattering rather than spherulitic scattering. All these studies seem to indicate that a nanofibrillar structure and the associated high nucleation density are the key ingredients that make up an efficient clarifying agent, although more precise guidelines are still missing. It is the objective of this study to use SALS together with scanning electron microscopy (SEM) and optical microscopy for an in-depth investigation of the morphology of i-PP as a function of clarifier concentration, for a series of commercial and new clarifying and nucleating agents, to identify in more detail microstructural aspects that are important for the improvement of haze and clarity during clarification of i-PP.
EXPERIMENTAL

Materials
The isotactic polypropylene used was Moplen HF 500N from Basell (M n 5 76 kg/mol, M w 5 260 kg/mol, PDI 5 3.5). The clarifying agent (1) 5 The chemical structures of the additives 1-4 are listed in Table 1 , together with selected characteristic properties.
Thermal Analysis
Thermal analysis was conducted using a differential scanning calorimeter (DSC 822e, Mettler Toledo, Switzerland) calibrated with Indium for temperature and enthalpy. DSC thermograms were recorded under nitrogen at standard heating and cooling rates of 10 8C/min; the sample weight was about 10 mg. The degree of crystallinity of the polymer was calculated from the enthalpy of fusion, derived from the endothermic peak, adopting a value of 207.1 J/g for 100% crystalline isotactic polypropylene.
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Haze and Clarity Measurements The characteristics often used to quantify the optical properties of a material with respect to its transparency are haze and clarity. Haze is defined as that part of the total amount of transmitted light which is scattered at angles higher than 2.5 8 , normalized by the incoming flux. 33 A high value of haze signifies a loss of contrast of an object viewed through the material. Clarity, which refers to the ability of a material to transmit fine details of an artifact, is more difficult to assess and there are several different methods of quantification. 33 In this study, therefore, macroscopic optical properties will mainly be characterized by the value of haze. Haze measurements were performed on 1 mm thick injection-molded circular samples, using a BYK-Gardner haze guard plus with CIE illuminant C according to ASTM D-1003. Clarity was measured on the same machine as the total amount of transmitted light which is scattered at angles smaller than 2. 
Sample Preparation
Blends of i-PP comprising varying amounts of the additives were compounded in a laboratory co-rotating mini-twinscrew extruder (Eindhoven University of Technology, the Netherlands) at 100 rpm for 10 min under a nitrogen blanket at 230 8C. Reference samples of the neat polymer were produced in the same way. The samples for small-angle light scattering (SALS) investigations were prepared by meltcompression molding previously compounded material between two glass slides, followed by quenching to room temperature. The molding temperature was adapted to the additive characteristics and concentration to ensure complete melting of the agent, and ranged from 230 8C to 290 8C. Poly(tetrafluoroethylene) (PTFE) spacers were used to produce a homogeneous sample thickness of 0.1 mm.
The samples for the haze and clarity measurements were prepared by injection molding, using a laboratory mini-injector (DACA instruments, Santa Barbara, CA). The material was molten and kept 2 min at 240 8C under a nitrogen blanket before injection in the mold, which was held at room temperature. Polished molds were used to minimize the influence of scattering due to surface roughness on the haze values.
Small-Angle Light Scattering
The experimental set up used for small-angle light scattering studies is shown in Figure 1 . A He-Ne laser (k5632:8 nm, JDL 1125P, JDS Uniphase) is directed through the sample and the resulting scattering pattern is projected onto a screen (Marata plate, Linos, Germany). The scattering pattern is recorded with a CCD camera (PIXIS 512, Princeton Instruments), connected to a data acquisition system. 34, 35 The lower polarizer is mounted on a motorized stage, enabling crossed and parallel positions of the polarizers (H V and V V orientation, respectively). The scattered intensities were recorded as a function of scattering angle h and azimuthal angle l (see Fig. 2 ). Calibration of the scattering angle was performed using a grating. The images were corrected for flat-screen projection and background noise before analyzing the data. A dark-current image recorded directly after the measurement with equal acquisition time was used as dark image and subtracted pixel by pixel, thereby also correcting for detector sensitivity. All images were recorded at constant beam intensity and sample-to-screen distance, and were corrected for reflection and refraction according to the method described by Stein and Keane. 36 The set-up was calibrated using a pinhole as well as (quasi-) monodisperse latex suspensions of polystyrene (PS) microspheres of diameters of approximately 1, 2, and 3 lm, respectively (see Fig. 1 ). The exact diameters of the pinhole and the particles in suspension were determined by scanning electron microscopy (SEM) before the SALS measurements. A comparison of the integrated experimental scattering pattern obtained from the pinhole with the theoretical diffraction pattern given by the Airy function 37 shows good correlation for scattering vectors up to 3 lm
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. Similarly, the experimental scattering patterns for the suspensions are found to correspond well with the Mie model 38 of scattering from perfect spheres within the measured range. Typically, at least two measurements were conducted in each experiment to warrant reproducibility. Finally, it should be noted that the SALS images in Figures 4, 6-8 are inverted and rescaled for best possible contrast, hence, the intensity levels in these images cannot be compared directly.
The two-dimensional scattering pattern can be used to identify different aspects of the specific microstructure. For example, H V -scattering patterns of perfect spherulites with radius r s display a characteristic four-clove pattern (see Fig.  2 ), with maxima at h max at azimuthal angles of 458, that allow an estimation of the average spherulite radius r s using the following equation: 39, 40 
After circular integration over the azimuthal angle l and averaging over the number of pixels, the scattered H V and V V intensities, I HV and I VV , were evaluated as a function of the scattering vector, q, defined as:
Here k and h are, respectively, the wavelength of light and the scattering angle in the medium containing the scattering entities (i.e. i-PP). The circular integration was performed using the Fit2D program. 41 Assuming perfect polarizers, the total scattered intensity was calculated as the sum of the H Vand V V -scattered intensities: I tot ðqÞ5I HV ðqÞ1I VV ðqÞ. By limiting the integration of the total scattered intensity to scattering angles h higher than 2.5 8 , we obtain a value, I 2:5 , which will serve as an approximate measure of haze (see above), even though it is not normalized. Circularly integrated intensities were integrated over the experimentally accessible qrange, to obtain the so-called invariant Q, defined as 
Here, K is a constant, / sp is the volume fraction of spherulites, / csp is the volume fraction crystallinity within a spherulite, d
0 cr is the intrinsic anisotropy of a pure crystal and P 2 is a Hermans-type orientation function describing the orientation of the crystalline segments with respect to the spherulite radius, 43, 51 having a limiting value of 1 for perfectly arranged spherulites. From eq 3, it follows that, even though the invariant is independent of the size of the spherulites, it does depend on their internal molecular orientation (or organization), where disordering will result in a system of less scattering power, 42 as is the case for co-polymers. 44 Furthermore, this research is only concerned with the case of space-filling spherulitic crystallization, / sp 51, so that Q d reduces to:
43,51
from which it follows that, in case of space-filling spherulitic crystallization, irrespective of the spherulite size, Q d is constant as long as the crystallinity and orientation of the crystallites within the spherulites are constant.
Scanning Electron Microscopy
Samples for scanning electron microscopy (SEM) studies were prepared by casting a solution of % 1% w/(w solvent) of i-PP, containing 1% w/(w polymer) solid additive (2% w/ (w polymer) solid for compound 4), in p-xylene, yielding thin films after evaporation of the solvent, typically of about 10 lm thickness. These films were subsequently molten and quenched to room temperature in the same manner as the compression-molded samples for SALS analysis. The samples thus produced were coated with a thin conductive microscope layer of platinum and imaged using a LEO 1530 Gemini (LEO Elektronenmikroskopie GmbH, Germany).
RESULTS AND DISCUSSIONS
Pristine i-PP Two-dimensional scattering diagrams for pristine i-PP are shown in Figure 3 , one for a sample crystallized at a moderate cooling rate, resulting in relatively large spherulites due to the reduced rate of nucleation at low undercooling, and one for a sample quenched in ice water, resulting in substantially smaller spherulites, due to the increased rate of nucleation at larger undercooling. As can be seen in Figure 3 , both scattering patterns depict the typical scattering pattern for spherulites as shown in Figure 2 . Using eq 1, the average spherulite radii r s are estimated at about 13 lm for the slower cooled and 4 lm for the quenched sample, respectively.
Light Scattering as a Function of Additive Concentration
It is well known from earlier studies that the ability of an additive to clarify is closely linked to the phase behavior of the polymer/additive system. 2, 7 Hence, performing SALS investigations of a series of i-PP samples containing a relevant range of concentrations of the commercial clarifying agent 1, allows for a direct determination of the effect of the clarifying agent on the polymer's morphology at different stages and how this correlates with various optical properties. Only space-filling systems are considered and, therefore, the focus is on the scattering of light detected under crossed polarizers. According to DSC measurements the crystallinity of i-PP is not influenced much by the addition of 1; thus, changes in Q d
are only due to variations in the internal orientation or shape of the crystallites and, consequently, provide a direct indication of changes in their structure and arrangement.
In Figure 4 , SALS images, obtained using crossed polarizers, of i-PP containing different amounts of 1 are displayed, together with plots of I 2:5 and Q d versus the composition of the corresponding samples. Similar as for the macroscopic optical properties, "haze" and "clarity," three concentration regimes can be discerned. 7 Initially, at low concentrations of the additive (0-0.15% w/w), scattering typical of spherulitic structures is dominating. That pattern becomes successively larger, indicating that the spherulite size is decreasing. The integrated intensity decreases accordingly, whereas the invariant Q d slightly increases. This could be due to the increasing crystallization temperature, which reduces the undercooling, resulting in better-organized and thicker lamellae. In the next higher additive concentration regime a drastic decrease in both invariant and scattered intensity, as well as a dramatic change in the appearance of the scattering patterns are observed. Instead of the classical spherulitetype scattering, now a random pattern is recorded, which, at increasing concentration, gradually changes into a crossshaped pattern with high intensities at low q values-typical for randomly arranged rod-like structures rather than spherulites. [45] [46] [47] [48] These findings are in concert with observations made by Kobayashi and Hashimoto who reported a similar pattern in SALS studies of i-PP containing 0.5% w/w of agent 1. 30 The cross-shaped pattern becomes more pronounced as the concentration of additive is increased, and the possibility that the pattern originates from the clarifying agent itself needs to be considered. However, when heating the samples to a temperature well above the melting temperature of the polypropylene, but below that of the additive, the patterns disappear at the melting temperature of the polymer. This observation indicates that the presence of the solid clarifying agent in the polymer melt does not give rise to any significant scattering under crossed polarizers. By contrast, it does give rise to some scattering under parallel polarizers, indicative of fluctuations in refractive index. At concentrations ! 0:5% w/w, the additive in the melt actually causes a larger amount of scattering than the solid mixture.
Since the agent appears to give rise to more scattering in the molten polymer than in solid i-PP, we conclude that there is a rather good refractive index matching between 1 and the solid polymer.
Finally, at high concentrations of 1, the region of liquidliquid phase separation in the phase diagram is reached. 7 This is also reflected in the SALS images. The polymer blend sample containing 5% w/w of the additive features a "double pattern", i.e. an intense four-clove pattern at low q values, possibly corresponding to spherulitic scattering from i-PP, and a weaker pattern in the background that might relate to regions of phase-separated clarifying agent. A clear four-clove pattern from i-PP is only visible for the pure polymer. The maximum intensity at azimuthal angle 45 8 is for this pattern at q 5 0.3 lm
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, corresponding to an average spherulite radius of about 13 lm (see eq 1), which compares well with optical microscopy observations. The above observations show that 1 has its clarifying effect on i-PP exactly in the concentration range where the change in the appearance of the scattering pattern and the decrease in Q d are observed. 7 Thus, there exists an excellent correlation between the level of haze and the change in morphology of the polymer, indicating that the transformation from a spherulitic structure to a random-or rod-like arrangement is crucial and characteristic of the clarified polypropylene.
To corroborate our conclusions regarding the various morphological structures of i-PP, scanning electron microscopy was conducted complementary to the above SALS experiments. For this purpose, solution-cast samples of polypropylene as well as of polypropylene containing 1% w/w of 1 were produced, dried, molten and subsequently quenched. Figure 5 reveals clear, classical spherulitic structures for neat i-PP, whereas the polymer containing the clarifying agent features a very fine appearance comprising the fibrillar network of the additive, in accordance with earlier optical microscopy observations. 7 At increased magnification, the radially ordered lamellae constituting the spherulites in the neat i-PP can be discerned. The polymer lamellae in the clarified material, by contrast, are organized in rod-like shish-kebab-type structures, grown onto the fibrillar network of the clarifying agent, indeed consistent with the SALS observations presented above.
Comparison to Other Additives
In order to verify if the above transformation from classical spherulitic structures to a rod-like arrangement is more generally true for clarified i-PP, the morphologies of the polymer comprising two other clarifying agents, as well as of nucleated, but not clarified material were examined in the same manner. For this purpose were selected: 2, a newer generation of the sorbitol-type clarifying agents; 3, a commercial clarifying agent based on a core of substituted trisaminobenzene; and 4, a substituted trisaminobenzene with nucleating, but no clarifying effect on i-PP (chemical structures in Table 1 ). In Figures 6 to 8 , the evaluation of SALS data versus additive concentration, as earlier for additive 1, is displayed for 2, 3, and 4, respectively, in the relevant concentration ranges-based on the phase diagrams of the different compounds and i-PP. 2,5,9 Strikingly-and reassuringly-the two clarifying agents 2 and 3 both display the evolution towards random-and rod-like scattering patterns observed for 1, with the accompanying decrease in integrated scattering intensities and invariants. As can be expected from the phase behavior and earlier haze measurements, 9 the concentration range yielding random-and rodlike patterns for i-PP/2 is slightly shifted compared to that with 1, perfectly corresponding to the compositions featuring optimal optical properties. Due to the high sensitivity to both concentration and cooling rate, the optimum composition window is smaller for the polymer containing additive 3, and, therefore, the spread in the data is somewhat higher.
The nucleating, but nonclarifying agent 4, on the other hand, features dominant scattering characteristics of spherulitic structures over the entire concentration range and no change into patterns characteristic of random-or rod-like arrangements was observed, as shown in Figure 8 . The scattered intensity above 2:5 also does not change in the concentration range studied, in agreement with earlier studies on the 
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haze of this system. 5 Interestingly, the invariant Q d increases slightly due to nucleation by this additive, as seen also for i-PP comprising small concentrations of the other agents (likely due to the decreased undercooling), but then remains constant for all other concentrations, confirming that there is no fundamental change in the solid-state structure. Results of scanning electron microscopy investigations of the above 3 i-PP/additive systems are presented in Figure 9 . The polymer comprising the clarifying agents 2 and 3 is seen to crystallize from fibrils of the additive in the form of shish-kebabtype structures in the same manner as observed with 1. By contrast, structures obtained with i-PP and the nucleating agent without clarifying ability, agent 4, are markedly different. Although this additive forms needles similar to those of 3, the polypropylene lamellae are not predominantly growing onto them, but rather are organized similar to those in the neat polymer, as is evident from the constant value of the invariant Q d . Naturally, the present spherulitic entities are significantly smaller and not as well discernable as in i-PP, due to nucleation of the polymer by the additive. However, the drastic change in morphology of the polymer induced by the above nucleating-and clarifying agents 1-3 is absent and, consequently, clarification does not take place for agent 4. The possibly epitaxial growth of the i-PP chains on the fibrils evidently requires affinity of the fibril surface with the i-PP chains, which, combined with the large total fibril surface, explains the high nucleation density observed for these systems. 10, 11 Another interesting aspect is that the reduction in haze due to agent 2 is superior to that of the other clarifying agents, even though all agents appear to have the same shish-kebab- like microstructure. Upon closer examination of the SEM pictures in Figures 5 and 9 , it appears that the performance of the clarifying agents 1 to 3, as measured by their haze values in Table 1 , seems to correlate with the fibril diameter of the clarifying agent, d f , and the associated shish-kebab diameter d s . From the SEM pictures it can be seen that 
f , which corresponds to the order of the haze values listed in Table 1 . This relation between haze and fibril diameter can be understood by the following argument: given a volume fraction of clarifying agent u, which crystallizes in fibrils with diameter d f , the total fibril length per total volume, L f =V tot , equals:
Assuming a random distribution of the fibrils, it can be shown, analogous to the dislocation density in metals, that the fibril density, defined as the number of fibrils that pierce a unit area, q f , equals:
Further assuming that the crystallization of i-PP onto the fibrils commences at the same time and progresses with constant speed, the shish-kebab diameter d s will be equal to the distance between the fibrils, scaling with the fibril density as: d s / 1= ffiffiffiffi ffi q f p . It then follows that the diameter of the principal light-scattering units, i.e. the shish-kebabs, scale with clarifier fibril diameter and volume concentration as:
As thinner shish-kebab structures will scatter less light, this relation suggests that the performance of (fibril-forming) clarifying agents for i-PP can be improved by reducing the fibril diameter and/or increasing the volume concentration of the clarifying agent. Obviously, the increase in volume fraction should then neither interfere with the phasebehavior nor with the fibril diameter. It should also be noted that scattering due to refractive index mismatching between the fibrils and the i-PP matrix is not considered here. Nevertheless, comparing the fibril diameters from the SEM pictures and measured optimum concentrations to the performance of the clarifying agents 1-3 (agent 4 does not form a shish-kebab structure and does not clarify) as measured by their haze values listed in Table 1 , seems to agree favorably with the scaling relation eq 7, giving at least some guidance towards the quest of designing better clarifying agents. Finally, it should be pointed out that the undercooling, or crystallization temperature, plays a very important and complex role. On the one hand, the degree of undercooling will determine the rate of nucleation (of both the polymer and the agent). On the other hand, the crystallization temperature also directs the crystal growth rates and the lamellar thickness of the polymer. Also, the fibrillar structure of the clarifying agents is sensitive to the undercooling, with thicker nanofibril assemblies being formed at higher crystallization temperatures. 50 According to eq 7, this thickening of the nanofibrils (at constant volume fraction) will result in an increased diameter of the light-scattering shish-kebab-like structures, which, in its turn, will increase the amount of scattered light, in agreement with the observed cooling rate dependency of the clarifying ability of the agents.
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CONCLUSIONS
Combined small-angle light scattering (SALS) and scanning electron microscopy (SEM) studies on the mechanism of reducing haze in isotactic polypropylene (i-PP), through the addition of so-called clarifying agents reveal that a simple reduction of the size of spherulites in the solidified polymer alone cannot account for the drastic improvement of this optical characteristic. In order for an additive to achieve this, it must be capable of preventing the classical, highly efficient light scattering spherulitic structures to form in the solidifying polymer. Instead, the agent must be able to induce randomly ordered or rod-or shish-kebab-like crystalline entities. The latter requirement was suggested in literature to occur only if the additive is capable of providing a nanofibrillar scaffold with an ultra-high density of nucleation sites, 7, 10, 11, 16 and this is directly evidenced in this study by the sudden reduction of the SALS invariant Q d , combined with SEM pictures of the clarified microstructure, with increasing clarifier concentration. A simple scaling law, relating the diameter of the shishkebab structures to the fibril diameter and volume fraction of the clarifying agent is proposed, suggesting that the performance of a (fibril-forming) clarifying agent will improve by reducing the fibril diameter and/or increasing the volume concentration of the clarifying agent.
